ABSTRACT -Male and female rats were given perfluorooctadecanoic acid (PFOdA) by gavage at 40, 200 or 1,000 mg/kg/day, and each female was mated with a male in the same dose group after 14-day administration. Males were dosed for 42 days and females were dosed throughout the gestation period until day 5 of lactation. One female given 1,000 mg/kg/day was euthanized on day 18 of gestation due to a moribund condition; however, no other treatment-related clinical signs of toxicity were observed. Body weights fell at 1,000 mg/kg/day from day 28 through the administration period in males and throughout gestation and lactation in females. Red blood cell count, hemoglobin level and hematocrit were decreased at 200 and 1,000 mg/kg/day in males and activated partial thromboplastin time was prolonged at 1,000 mg/kg/ day in females. Histopathological examination revealed hepatic changes, such as centrilobular hypertrophy and necrosis, in males given 200 and 1,000 mg/kg/day and in females given 1,000 mg/kg/day. Pancreatic zymogen granule was decreased in both sexes at 1,000 mg/kg/day. As for reproductive and developmental toxicity, there were decreases in the number of corpora lutea, implantation, total number of pups born and the number of live pups on postnatal days 0 and 4 at 1,000 mg/kg/day. At this dose, birth weights of pups were decreased and postnatal body weight gain was inhibited. Based on these findings, the NOAEL of PFOdA was considered to be 40 mg/kg/day for repeated dose toxicity and 200 mg/kg/day for reproductive/developmental toxicity.
INTRODUCTION
Perfluoroalkyl acids (PFAAs) consist of a carbon chain surrounded by fluorine atoms and a charged functional moiety (primarily carboxylate, sulfonate or phosphonate) at the end of the carbon chain. Since PFAAs have extremely low surface tension and show a unique hydrophobic and oleophobic nature , they have been widely used as a surface protectant for paper and packaging products, carpets, leather products and textiles (Hekster et al., 2003; Schultz et al., 2003) . They have been also used in industrial surfactants, additives and coatings and in firefighting foam. PFAAs are stable in air at high temperatures, nonflammable, not readily degraded by strong acids, alkalis or oxidizing agents and not subject to photolysis . Such stability of PFAAs must be favorable for their use, but as they are also considered to be stable in the environment (non-biodegradable and persistent) (OECD, 2002 (OECD, , 2007 Schultz et al., 2003) , there is growing concern regarding the impact on the environment and on human health via the environment.
The most well-known PFAAs are the 8-carbon chemicals: perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA), which are most effective surfactants among PFAAs . Although the global production volume of PFOS was as high as 3,500 metric tons in 2000 , the major manufacturer of PFOS, 3M, expressed its intention to discontinue the production of PFOS and related chem-icals in 2000 and completed its phase-out in 2002 (3M year not specified; US EPA, 2000) . PFOS and related chemicals were listed as a persistent organic pollutant under the Stockholm Convention in 2009 (Stockholm Convention, 2010 , and are now regulated in the United States, European Union, Canada and Japan (Canada, 2010; US EPA, 2008b; EU, 2006 ; MHLW, ME and NITE year not specified). The phase-out of PFOS and related chemicals increased the production volume of PFOA to 1,200 metric tons per year by 2004 ; however, in 2006, the United States Environmental Protection Agency and the eight major producers of fluoropolymer/telomer launched the PFOA Stewardship Program, in which manufacturers gave their pledge to reduce global facility emissions and product content of PFOA and related chemicals by 95% by 2010, and to work toward eliminating emissions and product content by 2015 (US EPA, 2008a) . Although PFOS and PFOA have been reported to be detected in the environmental media, wildlife and human tissues in many different geographic locations throughout the world , these industrial and regulatory activities must reduce their concentrations in the future. Of current concern is the anticipated growth of the production of other PFAAs as alternative products and the subsequent increase in their environmental concentrations.
Many toxicological researches on PFOS or PFOA have been carried out, and their hepatotoxicity, including carcinogenic effects, and reproductive/developmental toxicity have been shown in laboratory animals (ATSDR, 2009; US EPA, 2005; Lau et al., 2007; OECD, 2002) . Data on the toxic properties of other PFAAs are limited, but they have been studied in recent years (Chengelis et al., 2009; Das et al., 2008; Fang et al., 2008; Lieder et al., 2009a Lieder et al., , 2009b Mertens et al., 2010; Shi et al., 2007; Stump et al., 2008; van Otterdijk 2007a van Otterdijk , 2007b Zhang et al., 2008) . Available data indicate that PFAAs with a longer carbon chain are eliminated more slowly from the body Ohmori et al., 2003) , and their toxic potency increases by lengthening the carbon chain (Kudo et al., 2000 (Kudo et al., , 2006 Permadi et al., 1992) . Since the bioaccumulation potential of PFAAs also increases depending on their carbon number (Martin et al., 2003) , long-chain PFAAs may cause serious environmental and/or human health concerns in the future. As no data are available for the toxicity of PFAAs with a carbon chain length 13 and above, toxicological researches are needed urgently. In order to obtain initial risk information on the toxicity of such long-chain PFAAs, the Ministry of Health, Labour and Welfare, Japan, conducted repeated dose and reproductive/developmental toxicity screening tests for several long-chain perflurocarboxylic acids (carbon chain length C12 to C18) under the Japanese existing chemical safety programme in [2009] [2010] [2011] . The present article reports the result of the study of perfluorooctadecanoic acid [PFOdA (C18); CAS No. 16517-11-6] concluded recently.
MATERIALS AND METHODS
This study was conducted in accordance with OECD guideline 422 "Combined Repeated Dose Toxicity Study with the Reproduction/Developmental Toxicity Screening Test" (OECD, 1996) lulose sodium (CMC-Na; Maruishi Pharmaceutical Co., Ltd., Osaka, Japan), and administered to the animals by gastric intubation. Control rats received the vehicle alone. The daily application volume (10 ml/kg body weight) was calculated according to the latest body weight.
Before the start of the study, the stability of PFOdA in a 0.5% CMC-Na aqueous solution at concentrations of 1 and 100 mg/ml was confirmed after 8-hr storage at room temperature following 15-day refrigerated storage; therefore, dosing solutions were prepared at least once per 15 days and kept in a cool (2.0-6.7°C) and dark place under airtight conditions until dosing. The concentrations of PFOdA in the formulations were analyzed at the first and last preparation using high-performance liquid chromatography-tandem mass spectrometry, and were confirmed to be 85.0 to 115% of the target.
Experimental design
Twelve male rats and twelve female rats were daily administered PFOdA at 0 (vehicle control), 40, 200 or 1,000 mg per kilogram of body weight per day (mg/kg/ day). The dose levels were determined based on the previous dose-finding study in which male and female rats were given PFOdA by gavage at 0, 30, 100, 300 or 1,000 mg/kg/day for 14 days. In that study, inhibition of body weight gain, grossly enlarged liver with an increase in the organ weight and various changes in blood biochemical parameters were observed in the 1,000 mg/kg/day group. Increased liver weight was also found in males given 300 mg/kg/day, but there were no treatment-related changes in any examined parameter at 30 and 100 mg/kg/day. After 14-day administration, each female was mated with a male rat in the same dose group, and pregnant females were allowed to deliver spontaneously and nurse their pups. Males were dosed for 42 days, including the mating period, and seven males in the control and 1,000 mg/kg/day groups and all males in the 40 and 200 mg/kg/ day groups were necropsied on the day after the last treatment (main group). The remaining 5 males in the control and 1,000 mg/kg/day groups were further maintained for 2 weeks without PFOdA treatment and then necropsied (recovery group). For females, administration of PFOdA was continued throughout the mating and gestation periods until day 5 of lactation (total administration period: 42-56 days), and all twelve females were necropsied on the day after the last treatment (main group). Aside from these animals, 5 females were given 0 or 1,000 mg/kg/ day PFOdA for 42 days without mating and were necropsied after the 14-day recovery period (recovery group). The first day of dosing was designated as day 1 of administration and the day after the final dose as day 1 of the recovery period.
Observation and examinations

Repeated dose toxicity data
Throughout the study, all animals were observed twice daily for general appearance and behavior during the administration period (before and after the administration) and during the recovery period (morning and afternoon). In addition, detailed clinical observations were conducted using a standardized scoring system for all of the animals once a week throughout the administration and recovery periods. Evaluations included observations in the home cage, during handling and outside the home cage in an open field.
Body weight was measured on days 1, 3, 5, 7, 10, 14, 21, 28, 35 and 42 of the dosing period and on days 7 and 14 of the recovery period. For females exhibiting evidence of successful mating (main group), body weight was recorded on days 0, 1, 3, 5, 7, 10, 14, 17 and 20 of gestation and on days 0, 1 and 4 of lactation. Food consumption was measured at a similar interval throughout the study, except during cohabitation.
At the end of the administration and recovery period, five males and five females per dose were subjected to the following functional observations: (i) sensory reactivity to visual, tactile, auditory, pain and proprioceptive stimuli was assessed on an examination table, (ii) forelimb and hindlimb grip strength was measured three times with a CPU gauge (Aikoh Engineering Co., Ltd., Osaka, Japan), and (iii) spontaneous motor activity was recorded for 1 hr at intervals of 10 min using an automated activity monitor system [SUPERMEX and CompAct AMS (Muromachi Kikai Co., Ltd., Tokyo, Japan)].
Urinalysis was performed at the end of the administration and recovery periods for five males per dose selected for functional observations and for five females per dose in the recovery group. Urine was collected for 3 hr in the metabolism cage, and examined for color and dipstick parameters, such as occult blood, pH, protein, glucose, ketone bodies, bilirubin and urobilinogen. A 21-hr urine sample was also collected to measure the volume of the urine and the specific gravity.
For hematology and blood biochemistry, blood samples were collected from the abdominal aorta of five males and females per dose each in the main and recovery groups at necropsy under ether anesthesia after overnight starvation. One portion of the blood was treated with ethylenediaminetetraacetic acid dipotassium (EDTA-2K) and examined for the red blood cell count, hemoglobin, hematocrit, mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), white blood cell count, platelet count, reticulocyte count and differential count of white blood cells. Prothrombin time (PT) and activated partial thromboplastin time (APTT) were measured using plasma separated from another blood sample treated with 3.8% sodium citrate. Further, serum or plasma prepared from the remaining portions of blood was analyzed for total protein, albumin, protein fraction ratio, glucose, total cholesterol, triglyceride, total bilirubin, urea nitrogen (BUN), creatinine, aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP) γ-glutamyltranspeptidase (γ-GTP), calcium, inorganic phosphorus, sodium, potassium and chloride.
All surviving animals were euthanized by exsanguination under deep ether anesthesia on the day after the final administration (main group) or after completion of the recovery period (recovery group). The external surfaces and cavity of the body and the organs and tissues of the entire body were examined macroscopically. The brain, thymus, heart, liver, spleen, kidney, adrenal gland, testis, epididymis and ovary were isolated and weighed. Further, the spinal cord, pituitary gland, thyroid, esophagus, stomach, pancreas, duodenum, jejunum, ileum, cecum, colon, rectum, trachea, lung (after tracheal infusion fixation), urinary bladder, prostate, seminal vesicle, uterus, eyeball, Harderian gland, mammary gland, femur (including bone marrow), lymph nodes (mesenteric and mandibular), sciatic nerve as well as grossly abnormal tissues were removed. The eyeball and Harderian gland were fixed and preserved with Davidson' fixative solution. The testis and epididymis were fixed with Bouin's solution and preserved in 70% ethanol. The other organs were stored in 10% neutral-buffered formalin. Histopathological evaluations were performed for five males and females in the control and 1,000 mg/kg/day group. All preserved organs were sectioned, stained with hematoxylin-eosin, and examined histopathologically under a light microscope. Since histopathological changes suggestive of fatty changes of the liver and hemosiderin deposit in the liver and spleen were observed, additional specimens of the liver stained with Berlin blue or with oil red O and specimens of the spleen stained with Berlin blue were prepared and examined microscopically to confirm the observed findings. If treatment-related histopathological changes were found, the same tissues from the remaining animals were then examined.
Reproductive/developmental toxicity data
For each female, daily vaginal lavage samples were evaluated for estrous cyclicity from the first day of administration until evidence of copulation was detected in the main group and until the necropsy day in the recovery group. Females having repeated 4-6 day estrous cycles were judged to have normal estrous cycles.
In the main group, each female was transferred to the home cage of a randomly chosen male from the same exposure group on day 14 of administration, and cohabited on a 1:1 basis until successful copulation occurred or the mating period of 2 weeks had elapsed. The presence of sperm in the vaginal smear and/or a vaginal plug was considered as evidence of successful mating, and the day of successful mating was designated as day 0 of gestation. Females that did not mate successfully during the 2-week mating period were cohabited with another male from the same group who had been proven to copulate. Following confirmation of mating, females were returned to their home cages and allowed to deliver spontaneously and nurse their pups. They were checked at least three times daily on days 21-25 of gestation, and the day on which dams held their pups under the abdomen in the nest by 9:00 was designated as day 0 of lactation or postnatal day (PND) 0. Precoital interval and gestational length were recorded, and the copulation index, fertility index and gestation index were computed for each dose group.
On PND 0, all live and dead pups born were counted, and live pups were sexed and examined grossly. They were observed daily for general appearance and behavior, and the body weight of live pups was recorded on PNDs 0, 1 and 4. On PND 4, the pups were euthanized by inhalation of carbon dioxide and subjected to a gross external and internal observation. For the pups with gross abnormalities, the whole body was stored in 10% neutral-buffered formalin. At necropsy of maternal animals, the numbers of corpora lutea and implantation in the uterus were recorded, and the implantation index, delivery index, live birth index and viability index were calculated for each group.
Statistical analysis
Body weight, food consumption, grip strength, spontaneous motor activity, urine volume, hematological and blood biochemical findings, organ weights, length of estrous cycle, precoital interval, the number of corpora lutea and implantation, implantation index, gestational length, the number of pups born and live pups on PNDs 0 and 4 and delivery index were evaluated by Bartlett's test for homogeneity of variances (p ≤ 0.05). The live birth index, neonatal sex ratio, viability index and body weight of male and female pups were similarly analyzed using the litter as the experimental unit. When homogeneity was recognized, one-way analysis of variance was applied (p ≤ 0.10). If a significant difference was found, Dunnett's test was used for pairwise comparisons between control and individual treatment groups (p ≤ 0.01 or 0.05). Data without homogeneity were subjected to the Kruskal-Wallis test (p ≤ 0.10), and if significant differences were detected, the Mann-Whitney U test was used to compare PFOdAtreated groups with the control group (p ≤ 0.01 or 0.05).
For detailed clinical and functional observations, qualitative parameters of urinalysis, specific gravity of urine and histopathological findings with multiple grades, the trend for each group was evaluated by the Kruskal-Wallis test (p ≤ 0.10). If significant differences were found, the data were compared between the control and each dosage group using Mann-Whitney U test (p ≤ 0.01 or 0.05). The incidence of females with normal estrous cycles, copulation, fertility and gestation index and histopathological findings with single grade were analyzed using chi-square test or Fisher's exact test (p ≤ 0.01 or 0.05).
RESULTS
Clinical and functional observations
One female given 1,000 mg/kg/day in the main group was euthanized on day 18 of gestation due to a moribund condition with bleeding from the vagina, hypothermia, decreased locomotor activity and pale skin. Histopathological examination did not identify the cause of the moribund condition. No treatment-related clinical signs of toxicity were observed in other animals. Detailed clinical observation also revealed no abnormalities during the administration and recovery periods.
In the functional observation, a significant decrease in forelimb grip strength was found at 1,000 mg/kg/day at the end of the administration period (day 4 of lactation) in the female main group (860.4 ± 74.8 g, compared with 1065.2 ± 104.7 g in control, p ≤ 0.05). Such effects were not observed in males and in the female recovery group at the end of either the administration or recovery period (data not shown). No other treatment-related changes were found in functional observations at the end of the administration and recovery period.
Body weight and food consumption
In males, body weight was significantly lower at 1,000 mg/kg/day than in the control from day 28 through the administration and recovery periods (Fig. 1 ). Body weight of females showed a significantly lower value at 1,000 mg/kg/day from day 14 of administration through the gestation and lactation periods in the main group and from day 14 through the administration and recovery periods in the recovery group (Fig. 2) .
Food consumption was significantly decreased on days 35 and 42 of administration in males given 1,000 mg/kg/day (Fig. 3) . In females, a significant decrease in food consumption was found on day 5 of gestation and on day 4 of lactation at 200 mg/kg/day and from day 7 through the administration period, except for days 1 and 20 of gestation at 1,000 mg/kg/day in the main group, and from days 14 to 35 of administration at 1,000 mg/kg/day in the recovery group (Fig. 4 ). There were no significant changes in food consumption during the recovery period in either sex.
Urinalysis
No significant difference was seen in any urinalysis parameters between the control and PFOdA-treated groups either at the end of the administration period or at the end of the recovery period (data not shown).
Hematology
Red blood cell count, hemoglobin level and hematocrit were significantly decreased in males given 200 mg/ kg/day and above at the end of the administration period (Table 1) . These changes remained significant at the end of the recovery group. In males given 1,000 mg/kg/day, the reticulocyte ratio was significantly lower at the end of the administration period, but it was significantly higher than that of the control after the recovery period. At the end of the recovery period, APTT was significantly prolonged at 1,000 mg/kg/day in males.
In the female main group, the differential leukocyte count revealed a significant increase in basophils in the 1,000 mg/kg/day group (Table 1) . There was also a significant reduction of PT at 200 and 1,000 mg/kg/day and a significant prolongation of APTT at 1,000 mg/kg/day in females in the main group. In the female recovery group, a significant reduction of PT, a significant prolongation of APTT, significant increases in MCHC, total white blood cell count and differential lymphocyte count, and a significant decrease in MCV were found at 1,000 mg/kg/day.
Blood biochemistry
At the completion of the administration period, total protein was significantly lower at 1,000 mg/kg/day than in the control in males (Table 2 ). In the protein fraction, the albumin ratio was significantly increased at 200 mg/kg/ day and above, and there was also a significant decrease in the α 1 -globulin ratio and increase in the γ-globulin ratio at 1,000 mg/kg/day in males. Further, significantly higher values in ALT, ALP, total bilirubin and BUN were found at 1,000 mg/kg/day in the male main group. Significant increases in the albumin fraction and ALP and significant decreases in total protein and the α 1 -globulin fraction remained after the recovery period in males given 1,000 mg/kg/day. There was also a significant decrease in the β-globulin fraction and triglyceride, and an increase in the absolute albumin level at 1,000 mg/kg/day in the male recovery group. In the female main group, no significant change was found in total protein, but in the protein fraction, the α 1 -globulin ratio was significantly lower at 200 and 1,000 mg/kg/day, and the γ-globulin ratio was significantly higher at 1,000 mg/kg/day (Table 2 ). There were also significant increases in ALP and BUN, and a significant decrease in total cholesterol at 1,000 mg/kg/day in the female main group. In the female recovery group, total protein and α 1 -and β-globulin fractions were significantly lower and the albumin fraction was significantly higher at 1,000 mg/kg/day than in the control.
Organ weight
In males, the absolute and relative liver weight was significantly higher at 200 mg/kg/day and above at the end of the administration period (Table 3 ). The absolute weight of the heart, spleen and thymus was decreased significantly in males given 1,000 mg/kg/day, but the relative weights of these organs was not changed significantly. In this 1,000 mg/kg/day group, the relative weights of the brain, kidney and testis were significantly increased without significant changes in the absolute weights. At the end of the recovery period, increased liver weight remained significant at 1,000 mg/kg/day. There was also a significant decrease in the absolute heart weight and increase in the relative brain and kidney weight in males given 1,000 mg/kg/day in the recovery group.
In the female main group, there were significant increases in the absolute liver weight at 1,000 mg/kg/ day and in the relative liver weight at 200 mg/kg/day and above (Table 3 ). In the 1,000 mg/kg/day group, the absolute heart weight was decreased and the relative brain weight was increased significantly. In the female recovery group, significant increases in the absolute and relative liver weight and in the relative kidney weight, and a decrease in the absolute heart weight were found at 1,000 mg/kg/day.
Histopathological findings
Histopathological findings of scheduled-sacrifice animals in each group are shown in Table 4 . Centrilobular hypertrophy of hepatocytes was observed in males given 200 mg/kg/day and above and centrilobular degeneration/ necrosis of hepatocytes in males given 1,000 mg/kg/day at the end of the administration period. For these hepatic changes, the increase in the incidence was statistically significant. In the male main group, there was also focal necrosis at 200 mg/kg/day and above and hemosiderin deposit (mainly in Kupffer cells) at 1,000 mg/kg/day in the liver, although the incidence was not significantly different from that in the control group. Further, centrilobular fatty change was observed in two males at 200 mg/kg/ day, but there was no dose-dependency in the incidence. In the pancreas, the incidence of decreased zymogen granules showed an increasing tendency (not significant) in males given 1,000 mg/kg/day. In the thymus, cortex atrophy was observed in one male in the main group. Centrilobular hypertrophy of hepatocytes, focal necrosis and hemosiderin deposit in the liver and decreased zymogen granules in the pancreas remained after the recovery period in males given 1,000 mg/kg/day. The incidence of centrilobular hepatocyte hypertrophy in the liver and decreased zymogen granules in the pancreas was significantly higher than in the control. A significant increase in the incidence of microgranuloma was also found in the liver in the male recovery group at 1,000 mg/kg/day.
In the female main group, similar histopathological changes were observed in the liver, pancreas and thymus at 1,000 mg/kg/day. The incidence of centrilobular hepatocyte hypertrophy, focal necrosis and microgranuloma in the liver and decreased pancreatic zymogen granules was significantly higher than in the control. In the main group, hemosiderin deposit was observed in the spleen in all females in all dose groups, but the grade was significantly increased at 1,000 mg/kg/day. In addition, periportal fatty change was observed in the control, 40 mg/kg/day and 1,000 mg/kg/day groups, but the incidence did not increase dose-dependently. In the female recovery group, the incidence of centrilobular hypertrophy of hepatocytes and hemosiderin deposit in the liver was significantly higher in the 1,000 mg/kg bw/group.
Reproductive and developmental findings
In the main group, persistent diestrus was found in one female each in the control and 1,000 mg/kg/day group; however, there were no significant deviations in the mean estrous cycle and in the incidence of females with a normal estrous cycle between the control and PFOdA groups either in the main group or in the recovery group (data not shown).
Reproductive performance and developmental findings are summarized in Table 5 . During the cohabitation period, copulation was not observed in two males given 1,000 mg/kg/day. In the 1,000 mg/kg/day group, one female with successful copulation was not impregnated, and one pregnant female did not deliver live pups (all pups stillborn). There were, however, no significant differences in the copulation, fertility or gestation index, and the precoital interval or gestation length between the control and PFOdA-treated groups. The number of corpora lutea and implantation sites was significantly lower at 1,000 mg/kg/day than in the control. No significant changes were found in the implantation index. The total number of pups born and the number of live pups on PNDs 0 and 4 were significantly lower at 1,000 mg/kg/day. There was no significant difference in the delivery, live birth and viability indices Precoital interval (day) b 2.8 ± 0.9 2.5 ± 1.2 2.8 ± 0.9 1.9 ± 1.1
Fertility index (%) c 100 100 100 91.7
Gestation index (%) d 100 100 100 90
Gestation length (days) b 22.4 ± 0.5 22.2 ± 0.4 22.2 ± 0.4 22.1 ± 0.3 between the control and PFOdA-treated groups, but these indices indicated a decreasing tendency at 1,000 mg/kg/ day. In the 1,000 mg/kg/day group, the body weight of male and female pups was significantly lower than in the control on PNDs 0, 1 and 4. Body weight gain for the 4 days after birth was significantly decreased in males and females given 1,000 mg/kg/day. Gross external and internal observation did not reveal any treatment-related alterations either in pups that survived until PND 4 or pups found dead during the postnatal period (data not shown).
DISCUSSION
PFAAs are known to affect the liver, causing hypertrophy and in some cases necrosis, in rodents (Chengelis et al., 2009; Goldenthal, 1978; Griffith and Long, 1980; Kawashima et al., 1995; Kennedy, 1987; Lieder et al., 2009b; Mertens et al., 2010; van Otterdijk, 2007a van Otterdijk, , 2007b Zhang et al., 2008) . Hepatocyte hypertrophy was observed at as low as 0.064~0.23 mg/kg/day in a 2-year dietary study of PFOS (Thomford, 2002) and 0.64 mg/kg/day in a 13-week dietary study of PFOA (Perkins et al., 2004) in rats. Such hepatic effects of PFAAs are considered to be exerted via the peroxisome proliferator-activated receptor alpha (PPARα), but other mechanisms have also been suggested . Kudo et al. (2006) reported that intraperitoneal administration of PFAAs with six-to nine-carbon length increased the liver weight and hepatic peroxisomal β-oxidation activity in mice, and the potency was in the order of perfluorononanonic acid (PFNA; C9) PFOA (C8) > perfluoroheptanoic acid (PFHpA; C7) > perfluorohexanoic acid (PFHxA; C6). In the other study, PFOA (C8) and perfluorodecanoic acid (PFDeA; C10) considerably increased the liver weight, and hepatic peroxisomal palmitoyl-and lauroyl-CoA oxidase activities, but the responses to perfluorobutanoic acid (PFBA; C4) were lower and perfluoroacetic acid (C2) was inactive in male mice fed a diet containing PFAAs (Permadi et al., 1993) . These data suggest that the toxic potency of PFAAs increased with lengthening of the carbon chain, at least up to C9. Such carbon chain length dependency is considered to be associated with the difference in the elimination rate of PFAAs: the elimination half-life was reported to be 6.38 hr for PFBA (C4), 2.4 hr for PFHpA (C7), 135-185 hr for PFOA (C8), 710 hr for PFNA (C9) and 958 hr for PFDeA (C10) in male rats administered intravenously with PFAAs Kemper 2003; Kudo et al., 2002; Ohmori et al., 2003) .
The present study demonstrated that the major target of the toxicity of PFOdA (C18) was the liver as with the other PFAAs. Centrilobular hepatocyte hypertrophy and necrosis were observed in males given 200 and 1,000 mg/kg/day and in females given 1,000 mg/kg/day. Increased incidence of microgranuloma was considered to be a reparative response to the hepatic injury. These histopathological changes were accompanied with increased liver weight and leaking out of hepatic enzymes. Such hepatic changes were not observed in the 40 mg/kg/day group, indicating that the toxic potency of PFOdA was unexpectedly low. Differences in the toxic potency of PFOdA and the other PFAAs with shorter carbon chain might come from differences in the elimination rate from the body, as suggested for the other PFAAs. However, since hepatic effects of PFOdA as well as other toxic effects observed at the end of the administration period were detected even after the 14-day recovery period in the present study, the elimination rate of PFOdA was considered to be slow as with PFOA, PFNA and PFDeA (Kemper, 2003; Kudo et al., 2002; Ohmori et al., 2003) .
Intestinal absorption or distribution in the body might differ between PFOdA and other PFAAs. Other possible factors included toxicodynamic determinants, such as PPARα agonistic activity. In the present study, hepatocyte hypertrophy was not accompanied with eosinophilic granular cytoplasm, which is a characteristic change observed in rodents administered with peroxisome proliferators. In addition, no clear effects on lipid metabolism were found in blood biochemical examination, except for decreased serum cholesterol observed in females given 1,000 mg/ kg/day. Therefore, the peroxisome proliferative activity of PFOdA was considered weak, if any, and there is the possibility that a different mechanism from peroxisome proliferation is involved in the hepatotoxicity of PFOdA. Further study is needed to clarify the cause of the difference in the toxic potency of PFOdA and the other PFAAs.
In the present study, one female given 1,000 mg/kg/ day was found moribund on day 18 of gestation. General appearance and behavior suggest that the moribund state might be associated with anemia caused by bleeding from vagina. Although hematological examination was not performed for this animal, the effect of PFOdA on blood coagulation (discussed below) might be involved in the vaginal bleeding during late pregnancy. In other animals, no clinical signs of toxicity were found. In the female main group, forelimb grip strength was reduced on day 4 of lactation at 1,000 mg/kg/day. No such effect was detected at the end of the 42-day administration in males and in the female recovery group. This result might be due to the higher maternal body burden of PFOdA during pregnancy in comparison to males and non-pregnant females in the same dose group, because the dose level for pregnant females was determined based on the weight of the pregnant body containing fetuses. Further, altered physical condition during the gestation and lactation periods could make their toxic susceptibility higher. However, considering that no other dose-related changes were found in detailed clinical and functional observations, the toxicological significance of this forelimb grip weakness is unclear. Effects on grip strength were examined in 90-day repeated oral dose toxicity studies of PFBA, perfluorohexanoic acid (PFHxA) and perfluorobutane sulfonic acid (PFBS) in rats, but no dose-related changes were reported (Chengelis et al., 2009; Lieder et al., 2009a; van Otterdijk, 2007b) .
Body weight gain of male and female rats was markedly inhibited at 1,000 mg/kg/day in the present study. Although decreases in body weight coincided with the reduction of food consumption during PFOdA administration, they were hardly recovered during the 14-day recovery period when food consumption was not different between the control and 1,000 mg/kg/day group. The effects on body weight are typically observed in rodents given PFAAs at relatively high doses (ATSDR, 2009). Interestingly, these effects are not associated with reduced food intake in many cases. For example, 7-day or 10-day dietary administration of PFOA at 0.02% caused more than 10% reduction of body weight, compared with the control (Xie et al., 2003; Yang et al., 2000) . In these studies of PFOA, food intake was not reduced significantly. Yang et al. (2002) reported that body weight gain was not inhibited in PPARα-null mice given PFOA with the same dose regimen, suggesting that PPARα activation is involved in the body weight effects of PFAAs. In the present study, however, no clear effects indicating the alteration of lipid metabolism were found as mentioned above. The other mechanisms may contribute to the effects of PFOdA on body weights.
PFOdA affected various hematological parameters at 200 mg/kg/day and above. Anemic effects observed in males (i.e. reduced red blood cell count, hemoglobin level and hematocrit) were previously reported in repeated oral dose studies of PFBA, PFHxA, PFOA, PFBS and PFOS in rats (Chengelis et al., 2009; Goldenthal et al., 1978; Lieder et al., 2009a; Sibinski, 1987 ; van Otterdijk, 2007b) ; however, the mechanism has yet to be revealed. In the present study, increased serum total bilirubin and hepatic hemosiderin deposition indicated a hemolytic effect of PFOdA. A decrease in reticulocyte ratio also suggests a decline in hematopoietic function, but histopathological examination of bone marrow did not reveal any abnormalities. At the end of the recovery period, the reticulocyte ratio was considerably increased, but reduced red blood cells, hemoglobin and hematocrit did not indicate recovery. In females, these anemic changes were not found, but the number of basophils was increased at 1,000 mg/kg/day. Its etiology and toxicological significance is unknown. Blood clotting parameters were also affected in females. Prolongation of APTT suggests the inhibition of an intrinsic and/or common pathway in blood coagulation. Shortening of PT was considered to be toxicologically insignificant, but showed that PFOdA does not inhibit the extrinsic pathway of coagulation. At the end of the recovery period, this effect on APTT was also observed in males. Elevation of basophils and prolongation of APTT were not reported in previous studies of other PFAAs (ATSDR, 2009) . In order to gain a better understanding of the etiology of the hematological effects occurring in male and female rats given PFOdA, additional investigations are needed.
In the 1,000 mg/kg/day group, other dose-related changes were found in blood biochemical variables, organ weights and histopathological findings. In males, serum total protein was reduced, and this change seemed to result primarily from a decrease in the globulin α 1 fraction, which was also found in females given 200 and 1,000 mg/kg/day. Since most serum proteins, with the exception of γ-globulin, are synthesized, and also degraded in the liver (Ove et al., 1972) , observed effects on serum protein may be attributable to hepatic effects of PFOdA, although other etiologies could be responsible. An elevated serum level of BUN, observed in both sexes, increases the likelihood that the hepatic protein catabolism was increased because urinalysis parameters and the gross and microscopic appearance of the kidneys were not affected by PFOdA treatment. In the pancreas, zymogen granules were decreased in both sexes. This change might result from increased pancreatic secretion of digestive juice. Lipids are known to stimulate pancreatic secretion, and long chain fatty acids stimulate this more intensively than medium chain fatty acids (Ioannidis et al., 2008) , which might explain why such effects on the pancreas were not reported for the other PFAAs (ATSDR, 2009).
As for the reproductive/developmental effects, all pups were stillborn in one pregnant female given 1,000 mg/ kg/day. Although the incidence was low, the possibility that this change was treatment-related could not be ruled out because of the very low incidence of such effect (all pups stillborn) in the laboratory's historical control data (approximately 0.5~1.0%). Another pregnant female given 1,000 mg/kg/day was found moribund during late pregnancy as described above, suggesting that PFOdA might have a certain effect on the maintenance of pregnancy. In the 1,000 mg/kg/day group, the number of corpora lutea was slightly decreased. Such effects on the number of corpora lutea has not been reported so far for the other PFAAs (ATSDR, 2009; Luebker et al., 2005a) . Ovarian follicle development is known to be regulated by the hypothalamic-pituitary-ovarian axis; however, the present result that no effects were found on estrous cyclicity, on the copulation, fertility or delivery index, or on the weight and histopathology of male and female reproductive and endocrine organs denies the possibility that PFOdA affected the axis. Since the recent studies indicate that many other intra-ovarian signaling cascades affect follicular development (Richards and Pangas, 2010) , PFOdA might act on such cascades.
PFOdA administration slightly decreased the delivery, live birth and viability index at 1,000 mg/kg/day, and the values were outside the normal range for this strain of rat in the laboratory that performed this study (historical control range for the last twelve years: 84.5-97.0%, 97.7-100.0% and 96.2-100%, respectively). Further, the birth weight of pups was decreased and postnatal body weight gain was inhibited at 1,000 mg/kg/day. Such effects on prenatal and postnatal development could be attributed to secondary effects due to maternal toxicity such as inhibition of body weight gain, but the lipophilic property of PFOdA also indicates the possibility that it was transferred via placenta and/or breast milk and affected the fetuses/pups directly. Previous studies demonstrated developmental effects of the other PFAAs, which were observed even at doses which produced no maternal toxicity (ATSDR, 2009; Butenhoff et al., 2004; Case et al., 2001; Das et al., 2008; Harris and Birnbaum, 1989; Lau et al., 2006 Lau et al., , 2003 Luebker et al., 2005a Luebker et al., , 2005b Thibodeaux et al., 2003) . Abbott et al. (2007) reported an increase in the incidence of full litter loss, reduction of neonatal survival and body weight gain and delayed eye opening in mice given PFOA during days 1-17 of gestation at 0.6 mg/kg/day and above. Interestingly, such developmental effects were not detected in PPARα knockout mice given the same dose. Investigating the PPARα agonistic activity of PFOdA might provide useful information to understand the mechanism of the developmental effects as well as hepatotoxicity.
In summary, oral gavage administration of PFOdA primarily affected the liver, causing centrilobular hepatocyte hypertrophy and necrosis. Other effects included inhibition of body weight gain, anemia, prolongation of APTT and decreased pancreatic zymogen granules. These toxic effects observed at the end of the 42-to 56-day administration period were also detected after the 14-day recovery period. PFOdA also showed reproductive/developmental toxicity: the number of corpora lutea and implantation, total number of pups born, the number of live pups and birth weight of pups were decreased, and the postnatal body weight gain was inhibited. Based on these findings, the NOAEL of PFOdA was considered to be 40 mg/kg/day for repeated dose toxicity and 200 mg/kg/ day for reproductive/developmental toxicity.
